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Abstract

Efficient, neutral-coloured semitransparent solar cells are of commercial interest for incorporation into
the windows and surfaces of buildings and automobiles. Here, we report on semitransparent perovskite
solar cells that are both efficient and neutral-coloured, even in full working devices. Using the
microstructured architecture previously developed, we achieve higher efficiencies by replacing
methylammonium lead iodide perovskite with formamidinium lead iodide. Current-voltage hysteresis is
also much reduced. Furthermore, we apply a novel transparent cathode to the devices, enabling us to
fabricate neutral-coloured semitransparent full solar cells for the first time. Such devices demonstrate
over 5% power conversion efficiency for average visible transparencies of almost 30%, retaining
impressive colour-neutrality. This makes these devices the best-performing single junction neutral-
coloured semitransparent solar cells to date. These microstructured perovskite solar cells are shown to
have a significant advantage over silicon solar cells in terms of performance at high incident angles of

sunlight, making them ideal for building integration.



Semitransparent solar cells are an attractive concept for enabling building-integrated power generation.
Enabling power to be generated from surfaces such as facades and windows opens up much greater
surface area for solar generation. For a semi-transparent solar cell, there is an obvious trade-off
between capturing light for solar energy generation, and allowing light through a window. This is
quantified in terms of power conversion efficiency (PCE) versus average visible transmittance (AVT).
Additionally, further compromises are often necessary to enable functional devices to be semi-
transparent. The necessity for transparent active layers and electrodes means that many devices are
forced to compromise on efficiency, since these often do not function as well as their opaque
counterparts. The most common compromise, however, is on colouring. The most desired tint for a
window is neutral-coloured, but many semi-transparent solar cells developed thus far are not neutral-
coloured. Thus there still exists a necessity for a neutral-coloured, efficient semi-transparent solar cell
for building-integated photovoltaics.

Recently, there has been a flurry of attention in the solar cell community focussed on the emerging
photovoltaic material of hybrid organic-inorganic metal halide perovskites. These materials, based
generally on hybrid organic-inorganics forming the ABX; perovskite structure, show a suitable bandgap,
high absorption coefficient and long diffusion lengths, making them ideal as an absorber in photovoltaic
devices."™ Recently, power conversion efficiencies (PCEs) of over 19% have been reported, compared to
just 3.8% in 2009, making them the most quickly advancing solar technology yet. Previously, we have
reported on the application of the most commonly studied MAPbIl; perovskite in neutral-coloured
semitransparent solar cells for building-integrated photovoltaics.'® Spontaneous dewetting of an excess-
organic containing perovskite precursor dissolved in a low vapour pressure solvent enabled the
formation of a microstructured array of perovskite “islands”, which were able to generate respectable
efficiencies despite comprising a discontinuous planar heterojunction architecture. The combination of

fully absorbing islands and transparent regions allowed such films to be neutral-coloured and semi-



transparent, with up to nearly 60% active layer average visible transmittance (defined as the mean
transmittance of the film between 370nm and 740nm). However, in this first report of semi-transparent
perovskite solar cells, we were unable to employ a sufficiently transparent cathode that would retain
the neutral colouration. In full devices, efficiencies of ~5% were achieved for an average visible
transmittance of ~20%; however, this was with a semi-transparent gold cathode, which no longer
provided neutral colour. We concluded that the gold cathode was the limiting factor — with a more
transparent cathode we should achieve better AVTs and also retain neutral colouration. More recently,
others have reported on a semitransparent perovskite solar cell also employing a thin gold cathode, with
6.4% PCE and 30% full device AVT. However, they employ a thin but continuous layer of perovskite,
giving a brown-yellow device.™

Other technologies have also achieved high efficiencies per transparency. Organic photovoltaics, which
have shown promise with good efficiencies per transparency, often compromise on colour-neutrality. It
is difficult with this technology to obtain a spectrally flat absorption across the whole visible spectrum
with specifically tailored polymers, especially without losing efficiency accordingly. Additionally, the
organic photovoltaic technology involves an inherent voltage loss associated with energy required to
dissociate tightly bound excitons into free electrons and holes in the device, whereas the perovskite, in

which excitons are easily dissociated, does not exhibit such a loss.*> 1

This suggests an ultimate
advantage for the semiconducting perovskites. Despite these setbacks, single-junction organic
photovoltaics with 4.2% efficiency for 30% transparency have been reported®, and organic tandem
devices have very recently have demonstrated an impressive 7.9% efficiency for 40% transparency in the

blue-green region of the visible spectrum.'®*’

However, such devices again compromise on colour; they
are not properly neutral-coloured. Moreover, the cost of fabricating such specifically tailored polymers

is likely to be a real challenge and a barrier to market entry before full scale up can be achieved. Tandem

devices in particular are complex to fabricate and require many carefully processed layers. The



perovskite materials, however, are extremely cheap to synthesise and fabricate devices from, meaning
that scale-up should be much more commercially attractive and will present a cost-effective option
when considering the module payback times. Most processing can also take place at low temperatures,
with no need for vacuum processing. Whilst most work has focused on the methylammonium lead
iodide perovskite, CH;NH;Pbl; (we note that while significant effort has focussed on the mixed halide
precursor, CHsNH;l3,Cly, recent reports suggest that the chloride content in the final product is low, so

we include this material as CHsNH;Pbl; here too)*®

, more recently several groups have demonstrated
that the methylammonium (CH;NH5", hereafter MA) component can be replaced with formamidinium
(HC(NH,),", hereafter FA), resulting in a slightly larger lead iodide-based crystal lattice, with the effect of

narrowing the bandgap closer to that optimal for solar cells, from 1.57eV to 1.48eV.”***

Moreover, it
has been observed that the FAPbI; perovskite is more thermally stable at raised temperature, more
photostable under continual operation, and that it does not undergo a phase transition in the solar cell
operating regime, which could be an issue for the MAPbI; perovskite.””* As such, the FAPbl; perovskite
has a number of highly advantageous characteristics for its use in solar cells.

Herein, we report on two major improvements to the semitransparent perovskite solar cell. We replace
MAPDbI; with the advantageous FAPbI; in the microstructured architecture, which allows us to achieve
significantly higher efficiencies for equivalent transparencies. Such devices display very little J-V
hysteresis, and have high stabilised power output. Secondly, we employ a novel ITO and precious metal-

free transparent cathode in such devices, allowing fully operating, completely neutral coloured

semitransparent, perovskite solar cells for the first time.

We fabricated FAPbI; in the microstructured architecture by using a precursor containing excess of
organic components, and in a low vapour pressure solvent, dimethylsulfoxide (DMSO). This combination

was previously found to produce a regular array of perovskite islands for MAPbI3.? It is thought that the



presence of the excess organic results in slower crystallisation, as a long anneal is required to fully
remove the excess organic.” Having a low vapour pressure solvent means that the perovskite starts to
crystallise while the solvent is still present, and the combination of slow crystallisation and slow solvent
removal results in the perovskite nucleating in a discontinuous island-type structure. The dynamics are
more properly understood with reference to a mathematical model for this behaviour which we have
previously reported.” In the case of the organic excess MA perovskite previously studied, lead chloride
is used as the lead source, and MAI as the MA and | source. It is assumed that the reaction progresses

thusly:*®

3MAI + PbCl, -> MAPbI; + 2MACI (1)

The MAPbI; is the perovskite formed, and the MACI is predominantly removed via sublimation or

%7 |n the

degradation, which is experimentally observed to occur at temperatures greater than 80°C
case of the FA however, because the FA cation is larger, it is not so easily removed. We attempted to
produce similarly structured films in this manner, but were unsuccessful and the films did not result in
the same morphology — they were very rough, discontinuous, and non-uniform. Likewise, using a
stoichiometric 1:1 FAI:Pbl, precursor in DMSO also produced very rough, non-uniform films. It appears
that the excess organic is critical to obtain the microstructuring. As such, we took a new route to obtain

microstructured films of FAPbI;: we incorporated MA as a sacrificial component. We assume that the

reaction progress is as shown below:

2MAI + FAl + PbCl, -> FAPbI; + 2MACI (2)



Since FACI, being a larger molecule than MACI, requires higher temperatures to sublime than MACI, the
MACI will be removed on heating at >80°C, leaving FAPbI; behind. We fabricated films of this material by
dissolving the precursors in DMSO, spin-coating in a single step, and annealing first at 130°C for 20
minutes and subsequently at 170°C for 10 minutes. The first step is to remove the excess MACI in a
similar manner to our previous report,’ and the second step is to force the FAPbl; into its black, rather

than yellow, phase, as previously reported.”*

Films formed in this manner did indeed produce a
material with a somewhat similar microstructuring as was observed in the MAPbI; material, as we show

in Figure 1.

Figure 1. a) and b): different magnifications of FA-containing microstructured perovskite films produced

from the precursors detailed in equation (1) and annealed first at 130°C and then at 170°C. ¢) and d):

MA-containing films produced from the precursors detailed in (2) and annealed at 130°C.

In order to confirm that the material produced is FAPbl;, we carried out X-ray diffraction (XRD)

measurements on the films, as shown in Figure 2.
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Figure 2. a) XRD spectra of the FA and MA films. Labeled peaks correspond to those indexed to the
literature crystal structures of a tetragonal strcture with a=8.644, c=12.64A for MAPbI; and trigonal
structure with a=8.994, c=11.0A for FAPbI;. b) Zoom of the peaks at ~14° in the XRD spectra showing the
shift from MA to FA. c) Transmittance spectra of the two materials. The data here shows the

transmittance of the active layer, including spiro-OMeTAD and the titania compact layer.

We observe a material with highly oriented crystallinity in the FA material, similar to that observed in
the MA material. The peaks observed can be assigned to the (110)/(101) and (220)/(202) peaks of a
tetragonal/trigonal lattice structure (with a=B=y=90° for the tetragonal, a=90°, B=90°, y=120° for the
trigonal structure) respectively; the MA material agrees well with previous reports of a tetragonal
material with a=8.64A, c=12.64A, and we observe an obvious shift in 26 for the FA material (as shown
for the peak at ~14° in Figure 2b), giving good agreement to a trigonal material with a=8.99A, c=11.0A,
as previously reported for the black phase of FAPbI;.”**?**° No peaks corresponding to MAPbI; are seen
in the FA material’s spectrum, allowing us to assign it unambiguously as almost pure black phase FAPbl;.
To further confirm the identity of the material, and to quantify the transparency, we measured the
transmittance of the materials, as shown in Figure 2c). We note that since we are interested in their use
in semitransparent solar cells, we take spectra of the whole active layer of such a device, which is
compact TiO,/perovskite/2,2',7,7'-tetrakis(N,N’-di-p-methoxyphenylamine)-9,9'-spirobifluorene (spiro-
OMeTAD). The method used to obtain the active layer transmittance is discussed in detail elsewhere.™
We observe that whilst the MA material absorbs out to ~790nm, in accordance with a bandgap of
~1.57eV, the FA material absorbs out to ~¥840nm, in good agreement with previous reports of a bandgap
of ~1.48eV.” We thus can confirm that the material is predominantly FAPbIs; if there is any MA left, it
has a negligible effect on the crystal structure and absorption spectrum. Furthermore, the FA material

displays a quite flat transmission spectrum across the visible range, indicating that it is likely similarly



colour-neutral to the MA material. Both materials formed in this microstructured way display a high
transmittance, which is highly encouraging for their use in semitransparent solar cells.

Having confirmed that we have been able to fabricate semitransparent microstructured arrays of FAPbI;
islands, we fabricated planar heterojunction solar cells from such films, with the device structure shown

in Figure 3a).
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Figure 3. a) Diagram of the device architecture employed. b) Tilted and c) cross-sectional SEMs of a full
semitransparent FAPbI; solar cell showing the islands of perovskite coated with spiro-OMeTAD. d) J-V
characteristics of MAPbI; and FAPbI; solar cells, measured under simulated 100m Wem? AM1.5

illumination, for both the measured data (solid lines) and that calculated for just one light pass (dashed
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lines). e) EQE spectra for representative MA and FAPbI; solar cells. f) PCE extracted at maximum power
point under 100m Wem™ illumination over time, and in the inset, the same measurement plotted as a

fraction of the PCE determined via a fast J-V scan.

Previously, we confirmed that due to the rectifying nature of the titania-Spiro-OMeTAD contact, such

discontinuous devices are still impressively functional.™

We show cross-sectional SEM images of such
devices in Figure 3b); we clearly observe the perovskite islands of ~ 900nm thickness, covered by a thin
layer of spiro-OMeTAD. In order to assess comparative performance of the FA films compared to MA
films, we used thick gold electrodes as the cathode. Although transparency is then reduced, we did not
wish device performance to be limited by the electrode initially. We show the current-voltage
characteristics measured under simulated sunlight (AM1.5, 100mWcm™) illumination from the best-

performing devices fabricated with each material in Figure 3c), with full device parameters extracted

shown in Table 1.

Jsc (mMAcm?®) Vg (V) FF n (%) AVT (active  Nupr (%)
layer) (%)
FA 14.2 0.86 0.60 7.4 33.6 6.8
FA(1pass) 12.4 6.4
MA 10.6 0.64 0.54 4.9 40.5 3.9
MA (1 pass) 9.1 4.2

Table 1. Table showing device characteristics of best FAPbl; and MAPbIs-based semi-transparent solar
cells fabricated with gold contacts. The data for 1 pass refers to the calculated corrected current from
the same devices if light was not absorbed in the second pass reflected from the gold electrode, which is

the data that would be important for a totally semi-transparent solar cell.

We show data for both two passes of light (as measured due to the reflection from the gold contact) and

for one pass of light (the best efficiency possible for such a device if it had a perfect transparent

12



cathode, calculated as described elsewhere™). We show the statistics for the whole batch fabricated in
the SI. We note that the AVT of the FA films is a little lower than the MA films (33.6% compared to
40.5%), and furthermore the FAPbI; provides absorption over a greater fraction of the solar spectrum
due to its reduced bandgap. Accordingly, we see that the photocurrent generated is higher than for the
MAPDbI;. More surprising is the increase in open-circuit voltage (V,.) that we observed with the FAPbls.
Due to its reduced bandgap, we would expect that if anything, the V,. would decrease. We have
experimentally observed that this increased voltage is reproducible, and its origin is currently under
further investigation. It is possible that the higher-temperature anneal is beneficial to the compact
titania, and allows for higher oxygen-doping. This would then raise the turn-on voltage of a spiro-titania
diode; any contact between spiro-OMeTAD in the cell will act as a parallel shunt diode, so increasing the
turn-on voltage of these diodes would have the effect of overall reducing the detrimental effect on V,
that this normally has.™ The impact of the increased current and voltage in the FAPbl; compared to the
MAPbI; is significant; power conversion efficiency increases from 4.9% to 7.4% for the best devices
(2.8% to 4.3% on average across the batch).

We show the EQE of representative MA and FA cells in Figure 3d). We observe that the FA generates
photocurrent up to ~840nm, and the MA up to ~790nm, in good agreement with the absorption spectra
for the different perovskite materials.

It has been observed recently that such planar heterojunction perovskite solar cells are likely to exhibit
hysteresis in their J-V curves.®® This can lead to exaggerated PCEs based on fast J-V scans; as such, it is
vital to also measure the stabilised power output of such devices. It has been suggested that FAPbl;
might display less hysteresis compared to MAPbI;, in which case its stabilised power output should be
closer to its fast J-V PCE.” To assess this, as shown in Figure 3e) and 3f), we measured the power output
over time when holding the devices at their maximum power point as determined by the fast J-V scan.

We plot both the absolute PCE generated, and PCE as a fraction of that determined by the fast J-V fast.

13



We observe that the MAPbIl; semitransparent cell stabilises quickly, but only at 3.9%, or 80% of its PCE
according to the fast J-V scan. The FAPbI; cell takes longer to stabilise, but it then generates 6.8% PCE,
which is 89% of its fast J-V scan efficiency. These results are very promising for the FAPbI;; they suggest
that not only are the stabilised efficiencies significantly higher than a similarly transparent MAPbI;, but
also they exhibit a less severe hysteretic effect, meaning that the PCE extracted from a fast J-V scan is
closer to the stabilised PCE.

Having demonstrated that incorporating FAPbI; into the semitransparent microstructured perovksite
solar cell architecture can lead to significantly enhanced efficiencies, we then move on to solve the
remaining challenge for semitransparent perovskite solar cells; making the entire device fully semi-
transparent, whilst retaining the neutral colouration. Whilst we have a reasonable transparent anode in
the FTO-coated glass (hereafter just FTO), the cathode is more challenging. Previously, we have relied on
a thin gold contact as the semitransparent contact, but this has a detrimental effect on the transparency
and neutral colouration. Recently, we have developed a transparent conductive adhesive laminate
electrode based on a nickel mesh, which can be laminated onto the solar cell via application of a
PEDOT:PSS-based pressure-activated conductive adhesive. This is described in greater detail
elsewhere.®® It provides a low-cost, transparent electrode with good colour-neutrality, and has been
shown to be capable of replacing gold as an effective cathode in perovskite solar cells. It comprises a
commercial nickel mesh embedded in a PET film, onto which a transparent conductive adhesive
comprising a mixture of PEDOT:PSS and an acrylic glue is coated. This electrode is then pressure-
laminated onto the solar cells at room temperature, after having spray-coated a thin layer of PEDOT:PSS
on top of the spiro-OMeTAD of the solar cells. We apply this transparent laminated cathode (TLC) to the
FAPbI; semitransparent solar cells, to achieve fully semitransparent working perovskite solar cells with

neutral colour for the first time.

14
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semi-transparent FAPbI; device including the laminated transparent cathode d) Current-voltage
characteristics of a fully semitransparent device such as depicted above. (University of Oxford logo

reproduced with permission. Courtesy of University of Oxford.)

In Figure 4a), we show the transmission of the TLC alone, and the transmission of a full FAPbI; solar cell
before (FTO/AL, where AL = active layer) and after the application of the TLC (FTO/AL/TLC). We observe
that the average visible transmittance is reduced from 34.2% to 28.1% upon application of the cathode.
The flat transmission spectrum is retained, even enhanced. We note that the TLC on its own attenuates
much more light than the increased attenuation when applied upon the perovskite cell. We assume that
this is due to a large fraction of the attenuation with the TLC being reflection rather than absorption,
which is predominantly absent at the AL/TLC interface in the complete stack. We verify the colour-
neutrality of the whole device by calculating the colour perception indices according to the CIE 1931 xy
colour space standard. Transmitted light is represented by the product of the AM1.5 spectrum and the
transmission of the sample in question. In Figure 4b), we plot the colour coordinates of the active layer
only (compact titania/perovskite/spiro-OMeTAD), the active layer on FTO-glass, and the whole
FTO/AL/TLC device, compared to the reference daylight illuminant D65 and the AM1.5 spectrum. We
observe that the films have excellent colour-neutrality, lying well within the central region of the
chromacity diagram, close to the AM1.5 spectrum. Application of the transparent electrodes does not
affect the colour perception to any great extent, demonstrating that they are a suitable choice of
transparent conductive electrode for the FAPbI; semitransparent solar cell. We show a photograph of a
neutral-coloured semitransparent FAPbl; device with both electrodes in Figure 4c), exhibiting good
visual transparency. In Figure 4d) we show the current-voltage characteristics of the best-performing
fully semi-transparent FTO/AL/TLC FAPbI; device fabricated. It displays a lower short-circuit current and

open-circuit voltage than the equivalent devices with gold electrodes, though the current density is
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close to as expected with 1 pass of light. Accordingly, we obtained a PCE of 5.2%, for a neutral-coloured
semitransparent solar cell with an AVT of 28%, with an active area of approximately 0.5 cm™ masked to
0.0625cm’.

A neutral-coloured perovskite device with 5.2% efficiency and complete device semitransparency of
almost 30% represents a significant step towards the commercialisation of this technology. The
efficiency/transparency ratio is almost as good as some of the recently reported single junction organic
solar cells, despite the fact that the organic solar cell field is more than 20 years old.”'®** These
characteristics in fact make this one of the best performing neutral-coloured single junction
semitransparent solar cells reported. However, the key advantage that the cells realised here have is in
cost. The perovskite active material itself is comprised of readily available, cheap materials.
Furthermore, herein we have demonstrated the possibility of replacing an expensive precious metal
cathode with a cheap, and simple to process nickel-based mesh. Neither is there any ITO in the device, a
common concern due to the limited availability of indium. Fabrication of the whole device takes place
via solution-processing at low temperatures and at atmospheric pressure; not a single vacuum process is
required. This results in a semi-transparent solar cell which is extremely cheap, and the cost of coating
such devices onto window glass would likely be less than the cost of the glass itself.** The limiting factors
in the cost of the device now become the use of spiro-OMeTAD as HTM and the high-temperature
annealing for the titania compact layer. Replacement of spiro-OMeTAD would also be advantageous for
the AVT of such devices, as spiro-OMeTAD absorbs strongly below 430nm, affecting the AVT somewhat.
The titania compact layer is annealed at 500°C, increasing the processing cost incurred in device
production. Neither of these problems are insoluble however, and work in the perovskite solar cell
community is well focussed on overcoming these limitations.>*’

It is observed that the efficiency of the FAPbI; devices drop upon use of the TLC. This mainly stems from

a loss in Vo, and FF, which is possibly due to an increase in series resistance from the thick
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PEDOT:PSS/adhesive blend, and the fact that the HOMO of PEDOT:PSS is typically higher than that of
spiro-OMeTAD, reducing the possible V... Additionally, a significant drop in transmission is observed on
application of the TLC. Therefore, it can be concluded that although the TLC provides good transparency
and hole extraction, it is still not ideal. It can be expected that future developments in perovskite-
compatible transparent electrodes will enable even higher PCEs from such semitransparent solar cells.

The TLC is mechanically flexible, meaning that by application of this to such semitransparent solar cells,
the first steps towards a roll-to-roll processable semitransparent perovskite solar cell have been taken. If
we were to employ a flexible transparent substrate and anode, for example ITO on PET, and combine
this with the TLC, it is apparent that such a device could be produced, further enhancing the commercial

attractiveness of these solar cells for laminatable semitransparent PV foils.

For a building-integrated photovolatics to perform well all day, they must be effective in harvesting light
that is incident at angles other than direct illumination. For the majority of the time, a window will be
experiencing illumination angles significantly shallower than direct. As such, we measured the angle-
dependent short-circuit current generated by the FAPbl; and MAPbI; semitransparent solar cells, in
comparison to monocrystalline and polycrystalline silicon cells. Devices were illuminated with a laser
with a small spot size to avoid errors due to variation of total incident power. To also represent power
output expected from a working module as a function of angle to the sun, the data was multiplied by
cosB, to account for the reduced projected footprint of the solar cell with increasing angle. In Figure 5,
we show both the current generated from a small spot as a function of angle (solid lines) and multiplied

by cosB to represent illumination area larger than the cell (dashed lines).
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Figure. 5. Angle-dependent photocurrent extracted from FAPbl; and MAPbI; semi-transparent solar cells,
compared to that extracted from crystalline silicon (c-Si) and polycrystalline silicon (poly-Si) devices. 0°
represents light incident at the normal; light incident at 90°is coming completely from the side of the
device. Dashed lines take into account the reduced footprint of the solar cell with increased illumination

angle to represent power output from a module in operation.

We observe that the semi-transparent FA and MAPbI; devices performed unprecedentedly well at lower
light angles. At angles shallower than the normal, and right up to ~70° from normal, the MAPbl; devices
generated even more power than they did at the normal. Even more impressively, the FAPbIl; devices
show a continuous increase in current generated as the device is angled away from the normal, and
generate up to 1.2 times the current extracted from normal incident light at 75%. Notably, both
technologies show a drop-off in current at higher angles than either silicon technology tested. c-Si
begins to drop in current at ~60°, and polycrystalline silicon at ~65°, as compared to the MA at 70° and
the FA at 80°. We propose that at larger angles of incidence, light will be absorbed by the edges of the
perovskite’ islands’, and can still be converted to current, as opposed to the smooth and flat silicon solar

cells. At certain angles, a greater surface area of perovskite will in fact be illuminated due to the aspect
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ratio of the islands, hence the increase above the current displayed at 0°. The particular morphologies of
the two perovskites are likely responsible for the distinction between their behaviours.

This demonstrates an important advantage of the semitransparent perovskites, and in particular the
FAPbI;, for building-integrated photovoltaics. If this aspect can be enhanced by careful design of the
optical properties of each layer, then the semi-transparent perovskite cells may be ideal for BIPV in high

irradiance locations, where the sun spends a large fraction of the day close to perpendicular.

The final concern when considering building-integration of solar cells, aside from efficiency,
transparency, aesthetics and cost, is that of long-term stability. The methylammonium and
formamidinium perovskites suffer from moisture-induced degradation, meaning that effective
waterproofing or sealing is necessary for real operation.”® For power-generating glass to be a viable
installation, it must have a very long functional lifetime to avoid the necessity of replacing windows or
window-coatings regularly. Furthermre, for the neutral-coloured application discussed here, one
problem could be colour change under moisture degradation, to the yellow of lead iodide, the
degradation product.® However, it has been shown recently that when sealed effectively, such devices
can be stable for hundreds of hours under full spectrum sunlight.* Additionally, we have recently
developed a water-resistant hole-transporting material replacement, which may be able to fully solve
the issue of water-sensitivity.*® Furthermore, others have demonstrated a screen-printable carbon back
electrode/hole transporter configuration that enables long-term moisture stability.”® These
developments all point towards the possibility of perovskite solar cells that are stable in the long term,

even in outdoor environments.

In summary, efficient semi-transparent perovskite solar cells were fabricated by a) incorporating the
formamidinium cation into the microstructured architecture and b) application of a novel transparent

cathode. The FA-based perovskite displayed higher solar cell performance parameters and lower
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hysteresis than the equivalent methylammonium-based devices, with an efficiency of 6.4% for a 34%
AVT active layer. With the application of a transparent cathode, we were able to fabricate completely
semitransparent full working devices with impressively neutral-coloured transparency. From these, a
power conversion efficiency of 5.2% was achieved from a device with an AVT of 28%. This is a significant
improvement on previous reports, rendering the devices very commercially attractive for power-
generating window applications. The angular dependence of the semitransparent perovskite
technologies demonstrated excellent performance at non-normal angles, surpassing commercially
mature silicon technologies. As such, these solar cells appear to be ideal for all-day operation in a

building-integrated setting.

Methods

Materials. Unless otherwise stated, all materials were purchased from Sigma-Aldrich or Alfa Aesar and
used as received. Spiro-OMeTAD was purchased from Borun Chemicals. MAI and FAIl were synthesised
according to reported procedures.>*

Semi-transparent perovskite solar cell preparation. Devices were fabricated on fluorine-doped tin oxide
(FTO) coated glass (Pilkington, 7Q o™). Initially FTO was removed from regions under the anode contact
by etching the FTO with 2M HCl and zinc powder. Substrates were then cleaned sequentially in
hallmanex detergent, acetone, propan-2-ol and oxygen plasma. A ~50nm hole-blocking layer of compact
TiO2 was deposited by spin-coating a mildly acidic solution of titanium isopropoxide in ethanol (350ul in
5ml ethanol with 0.013M HCI) at 2000rpm, and annealed at 500°C for 30 minutes.

The dewet FAPbI; perovskite layers were deposited by spin-coating a non-stoichiometric precursor
solution of formamidinium iodide, methylammonium iodide and lead chlorine (1:2:1 molar ratio, final
concentrations 0.88M lead chloride, 1.76M MAI and 0.88M FAIl) in anhydrous dimethylsulfoxide
(DMSO). Spin-coating was carried out at 2000rpm in a nitrogen-filled glovebox. The films were then

annealed at 130°C for 20 minutes in the glovebox, and then at 170°C for 10 minutes in air.
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Dewet MAPbI; perovskite layers were deposited by spin-coating a non-stoichiometric precursor solution
of methylammonium iodide and lead chlorine (3:1 molar ratio, final concentrations 0.88M lead chloride,
2.64M MAI) in anhydrous dimethylsulfoxide (DMSO). Spin-coating was carried out at 2000rpm in a
nitrogen-filled glovebox. The films were then annealed at 130°C for 20 minutes in the glovebox.

The hole-transporting layer was then deposited via spin-coating a 0.0788M solution in chlorobenzene of
2,2',7,7 -tetrakis-(N,N-di-p-methoxyphenylamine)9,9’-spirobifluorene (spiro-OMeTAD), with additives of
0.0184 lithium bis(trifluoromethanesulfonyl)imide (added in 0.61M acetonitrile solution) and 0.0659M
4-tert-butylpyridine. Spin-coating was carried out at 2000rpm.

Gold electrodes were thermally evaporated under vacuum of ~10° Torr, at a rate of ~0.1nm/s, to
complete the devices.

To fabricate the TLC, a commercially available PEDOT:PSS blend (EL-P3145 AGFA) and acrylic
microemulsion pressure sensitive adhesive (F46 Styccobond) were mixed such that the final volume
fraction of the PEDOT:PSS in the dry film was 0.0175. This corresponded to a 1:1.34
Styccobond:PEDOT:PSS ratio by weight. This mix was then tape cast onto sheets of commercially
available flexible microgrid sheets (Epimesh 300 from Epigem) at a thickness of ~¥90 um. The films were
dried for 15 minutes at 60 °C followed by 5 minutes at 120 °C leaving final dried TCA films of ~30 um
thick. Cells to which the TLC was to be applied had a solution of PEDOT:PSS (Hereaus GSD1330S) mixed
with ethanol and isopropanol in a 1:1:1 ratio by volume sprayed onto the HTL surface whilst the cell was
held on a 50°C hotplate and left for 10 seconds post spraying. This left a layer of PEDOT:PSS
approximately 50nm thick. The TLC fabricated as described above was then laminated onto the
PEDOT:PSS surface of the cells using finger pressure.

Device Characterisation. The current density—voltage (J-V) curves were measured (2400 Series
SourceMeter, Keithley Instruments) under simulated AM 1.5 sunlight at 100 mWcm™ irradiance

generated by an Abet Class AAB sun 2000 simulator, with the intensity calibrated with an NREL
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calibrated KG5 filtered Si reference cell. The mismatch factor was calculated to be less than 1%. The
solar cells were masked with a metal aperture to define the active area of 0.0625cm 2 and measured in a
light-tight sample holder to minimize any edge effects and ensure that the reference cell and test cell
are located during measurement in the same spot under the solar simulator. For the fast JV scans, ells
were scanned from forwards bias to short-circuit at a rate of 0.38V/s after holding under illumination at
1.4V for 5 seconds. Maximum power point was determined from these fast JV scans and current
measured holding at this voltage for the maximum power point holding scans.

Angle-dependent photocurrent. Angle-dependent photocurrent was measured by carrying out J-V
sweeps with a Keithley 2636 SourceMeter upon illumination of the device with a 532nm CW laser, spot
size 0.1cm?, with the beam appropriately attenuated to produce similar currents as when the devices
were under AML1.5 solar simulated illumination. Extra-large gold electrodes were evaporated onto
devices fabricated as described previously. The spot was kept within the bounds of the device region at
all times, and the device was rotated on a calibrated stage, taking measurements every 5°. 3 or more
devices were measured to test reproducibility. Silicon solar cells were purchased from PV
Measurements.

External Quantum Efficiency (EQE) measurements were performed via Fourier transform photocurrent
spectroscopy (FTPCS). Briefly, the devices were place in the sample comparment of a Bruker Vertex 80
Fourier transform spectrometer (FTIR) with tungsten-halogen light source and CaF, beam-splitter. The
photocurrent from the device under test was collected by a transimpedance amplifier (SRS570) before
being fed into the analogue to digital convertor of the FTIR. Custom control electronics and software
allow the device to be biased at 1.4V prior to measuring the device in short circuit configuration. After
each set of measurements the FTPCS spectrum of a Newport calibrated silicon solar cell with BK7

windows was measured to allow absolute EQE values to be determined.
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Optical measurements. Transmittance and reflectance spectra were collected with a Varian Cary 300
UV-Vis spectrophotometer with an internally coupled integrating sphere.
Film characterisation: A Hitachi S-4300 field emission scanning electron microscope was used to acquire

SEM images. Sample thicknesses were measured using a Veeco Dektak 150 surface profileometer.

Supporting Information
Supporting information contains device statistics and J-V hysteresis scan data. This material is available

free of charge via the Internet at http://pubs.acs.org.
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